A 36 kb sequence of the phoB-rrnE-groESL region of the Bacillus subtilis chromosome at around 55" has been determined. The sequenced region contains 36 ORFs including the phoB and groESL genes, and the whole rrnE operon. The phoB gene is transcribed in the direction opposite to that of chromosome replication, while most ORFs, including groESL and the rrnE operon, are transcribed in the same direction. Two newly identified tRNA genes upstream of the rrnE operon were those for Arg-tRNA and Gly-tRNA. The sequenced region contains an operon consisting of genes for degradation and uptake of mannan. The rrnE operon and its downstream ORFs are well conserved among Mycoplasma genitalium, Haemophilus influenzae, Synechocystis sp. and Methanococcus jannaschii. aH consensus sequences are present in the promoter regions of three ORFs, including groESL.
INTRODUCTION
Large-scale nucleotide sequencing eventually will reveal the structure and organization of genes on the chromosomes of bacteria (Bult et al., 1996; Fleischmann et al., 1995; Fraser et al., 1995) that have been estimated by classical genetic methods in only a limited number of organisms. A cooperative effort, by many laboratories of different countries, for sequencing the whole genome of Bacillus stibtilis (Kunst et at., 1995; Ogasawara et al., 1995) is providing fundamental knowledge of the gene organization of the spore-forming bacterial cell. For example, sporulation of B. subtilis is characterized by asymmetric septation and represents one of the simplest systems of differentiation (Errington, 1994) . It requires different kinds of cellular activities such as signal transduction, transcriptional regulation and protein secretion; these functions are governed by many genes on the chromosome. Knowledge of the organization of the whole genome will provide more information about genes involved in these processes.
Abbreviation : SD, Shine-Dalgarno sequence.
The GSDB, DDBJ, EMBL, NCB accession number for the nucleotide sequence reported in this paper is D88802.
In this communication we describe the gene organization of the phoB-rrnE-groESL region of the B. subtilis chromosome at around 55" based on the nucleotide sequence of DNA fragments derived from chromosomal fragments synthesized by long accurate PCR. This region has only a few essential genetic markers. (Rudner et at., 1993) acetyltransferase ; P44305 (189) endopeptidase ; P36175 (660) Nakai, University of Osaka, Japan) located between these linking genes and from the sequence of groESL (Schmidt et uf., 1992; Tozawa et al., 1992) .
METHODS
The resulting DNA fragments of about 15 kb and 5 kb were purified by agarose gel electrophoresis, partially digested with DNase I (Takara), and cloned into the M13mp19 (Takara) cloning vector as described elsewhere (Yoshida et al., 1995) . A sample of DNA (20 pg) was digested with 0-0056 U DNase I at 37 "C for 4-5 min in 400 pl reaction mixture (50 m M Tris/HCl pH 7.5, 10 m M MnCl,, 100 pg BSA ml-I). PCR screening was used to select for clones with inserts of sufficient size ( > 400 bp). These clones were selected randomly and subsequently sequenced. Some regions were difficult to clone into phage vectors. Two of these regions, one of them located between ydhL and ydhM and the other between ydhU and the 16s rRNA genes, were directly sequenced with DNAs synthesized with primers outside the regions. Several primers were prepared and used to sequence the DNA covering the gap region.
Sequencing was performed with a DNA sequencer (373A, Applied Biosystems) using a Tag Dye Primer and Dye
Terminator Cycle Sequencing Kit (Applied Biosystems) . Sequences obtained were assembled into contigs using a personal computer with the AutoAssembler (Version 1.3, Applied Biosystems). 
RESULTS AND DISCUSSION
DNA sequence of the phoB-rmE-groESL region of the B. subtilis JH642 chromosome at around 55"
We first partially sequenced two DNA fragments, pNEXT26 and pSOFT8, described as linking clones (Itaya & Tanaka, 1991) by the deletion method and the region between the above clones which was obtained as a hybridizable ADASHII clone. Based on the results obtained, we synthesized, by long accurate PCR, two DNA fragments each about 15 kb long which covered the above region, and one short DNA fragment of 5 kb long covering the region between pSOFT8 and groESL, and sequenced shorter fragments derived from these three DNAs after random digestion with DNase I and subcloning in M13mp19.
In total, 36 kb of DNA was sequenced (Fig. I ) . All parts were sequenced on both strands, except for some regions in the rrnE and groESL genes where only one strand was sequenced and compared with those sequences already described (Rudner et al., 1993; Schmidt et al., 1992; Tozawa et al., 1992) . The region between the ydhL and ydhM genes, which are transcribed in opposite directions, could not be sequenced on both strands. The sequences, nt 12245-12335 and nt 12495-12627 could be determined from only one strand. The former sequence was obtained from the DNA template complementary to the sequence shown in Fig. 2 , and the latter sequence from a template DNA, the sequence of which is shown in Fig. 2 
ORF analysis of the sequenced region
ORFs beginning with an ATG, GTG or T T G start codon and comprising more than 100 codons, were searched. As shown in Fig. 1 and Table 1, there were 36 ORFs, including the phoB (Bookstein et d., 1990) and groES/groEL (Schmidt et al., 1992; Tozawa et al., 1992) genes. Except for ydhL and groES, Shine-Dalgarno (SD) sequences were detectable in these genes. The SD sequence is the complementary sequence to the 3' end sequence (UCUUUCCUCCACUAG . . .) of the 16s rRNA of B. subtilis. Twenty one, eight and six ORFs, respectively, had an ATG, T T G or GTG start codon.
The ydhB gene encodes a putative transmembrane protein with unknown function and has a uH promoter consensus sequence AGGAN,,GAAT ( Haldenwang, 1995) .
The ydhC, ydhD and ydhE genes seem to form an operon whose controlling element might be the ydhC gene as it encodes a putative protein with a DNA binding domain similar to that of the gluconate operon repressor (Fujita et al., 1986) (Fig. 3) .
The ydhF gene, which encodes a transmembrane protein, may form an operon with the alkaline phosphatase gene. (Schwacha & Bender, 1990) (Fig. 3) .
The region between ydhU and rrnE has no ORFs (having more than 30 codons) with similarity to any known protein.
Five ORFs from ydiA (Rudner et al., 1993) to ydiE, may constitute a large operon involved in macromolecule degradation as the last of these ORFs ( y d i E ) encodes a protein homologous to the glycoprotease.
The ydiK and ydiL genes probably constitute an operon.
YdiL is a transmembrane protein and YdiK has a signal sequence and hence must be secreted. ydiK has a aH consensus promotor sequence, AGGAN,,GAAT (Haldenwang, 1995) .
groES has a aH consensus promotor sequence, AGGGN,,GAAT (Haldenwang, 1995) . 
The rrnE region
The rrnE region consists of four tRNA genes and three rRNA genes. We compared the sequence of the rrnE region and rrnB region as the latter also carries a cluster of tRNA genes (Green et al., 1985) . In the rrnE region, two tRNAs, for Arg and Gly, precede the consecutive 16S,23S and 5 s rRNA genes, which are followed by two tRNA genes for Met and Asp (Rudner et al., 1993) ( Fig. 4) . These four tRNA genes are all found in the tRNA cluster of the rrnB region, although in the latter case these genes are all located behind the rRNA genes.
The second tRNA gene of the rrnE region, Gly-tRNA has two mutations (nt 21267, A ; nt 21277, T) compared to Gly-tRNA (G, C) of the rrnB operon. These mutations occur pairwise at two sites of the T Y C stem of tRNA. The other three tRNA genes of the rrnE region are identical to those of the rrnB operon.
DNA sequences of rrnE and rrnB are well conserved with only one or two mutations over 100 bases from the end of Gly-tRNA to the end of 5 s rRNA, including the spacer regions (boxed in Fig. 4 ).
Genes conserved among five bacterial species
B. subtilis genome sequences were compared with those from four other bacterial species : Synechocystis sp., Haemo philus in fluenzae, Methanococcus jannaschii and Mycoplasma genitalium. Similarity searches of our ORFs and RNA genes with those of the other bacteria gave the results shown in Table 2 , where rrnE (16s and 23s) and the genes located downstream of rrnE (especially ydiE, a glycoprotein protease gene) are well conserved. Whereas groEL is also well conserved, groES is not. The genes of this region may have been conserved during evolution although the gene organization seems not to be conserved.
